Abstract. Seasonal fluctuations in the abundance of orchid bees have already been reported. The variations in population dynamics may be expected to occur in more predictable and pronounced manners in environments with a clear distinction between rainy and dry seasons, where climatic variables are regarded to be good predictors of populational patterns. The main goal of this paper is to investigate the seasonality of males of orchid bees in fragments of Seasonal Semideciduous Forest in southern Brazil. Data comprise bait samples from five one-year periods on four forest fragments. The seasonality of species abundance was tested with circular statistics. Results suggest two phenological patterns, one for Eufriesea violacea (Blanchard), Eulaema nigrita Lepeletier and Euglossa cordata (Linnaeus), whose abundances are concentrated in late spring and early-middle summer and another for Euglossa fimbriata Moure with a tendency to be collected in middle-late summer and early autumn. These patterns are discussed, as well the possible driven factors, (i) the species life cycle and nesting behavior, (ii) synchrony with resource, and (iii) climate. We can postulate an important impact of climate change in local euglossine assemblage due to the small populations and marked seasonality.
INTRODUCTION
Phenology studies periodic life-cycle events over periods of time (Visser et al., 2010) . Seasonal changes in the abundance of most tropical species are by far recognized as a main pattern in insect ecology (e.g., Wolda, 1978 Wolda, , 1980 . Insect life history events are expected to be keyed to appropriate seasonal cycles in order to maintain ecological and biological viability of populations (Powell & Logan, 2005) . Understanding seasonal contextualized adaptations requires a broad view of the effects of temporal, spatial, and resource patterns on their dynamics (Danks, 2007) . Manifold factors drive seasonal population dynamics, both abiotic (e.g., temperature and pluviosity) and biotic (e.g., resource availability, predation, and parasitism) (Riedel et al., 2008; Tauber et al., 1986; Richards & Windsor, 2007; Turchin et al., 1999) . Patterns of insect seasonality may vary for different species and habitats (Riedel et al., 2008) , and can be perceived in distinct insect taxa, from species (e.g., Marinoni & Ganho, 2003; Sobral-Souza et al., 2015) to orders (e.g., Riedel et al., 2008) .
Orchid bees (Euglossini) are rather known for their males which collect aromatic compounds from different plant families (mainly Orchidaceae) and store these compounds in their highly modified hind tibia for further attracting females (Roubik & Hanson, 2004) . There are about 230 species of orchid bees, distributed among five monophyletic genera (Moure et al., 2007; Ramírez et al., 2010) . This group occurs from southern United States to northern Argentina, but most of its diversity is concentrated in Neotropical forests (Dressler, 1982; Roubik & Hanson, 2004) . Much of the existing knowledge on these bees, especially that generated by structured inventories, was enhanced by the discovery and use of synthetic chemical compounds to attract adult males (Dodson et al., 1969) . This remarkable collection method was soon realized as a relevant tool for testing several ecological hypotheses (Nemésio & Silveira, 2006) . ISSN On-Line: 1807 -0205 ISSN Printed: 0031-1049 ISNI: 0000-0004-0384-1825 Seasonal fluctuations in the abundance of orchid bees have already been reported (e.g., Ackerman, 1983; Rocha-Filho & Garófalo, 2014; Knoll, 2016) , with higher abundances associated to wet RochaFilho & Garófalo, 2014) , early dry (Ackerman, 1983) and even dry season (Aguiar & Gaglianone, 2008) . Seasonality is expected to occur even in low latitude forests, where fluctuation in bee abundance seems to be slightly more intense at deciduous forests than at rainforests (Janzen et al., 1982) .
On the other hand, seasonal variations in other assemblages' parameters seem not to be so clear, since species composition, evenness and dominance ranks were virtually non-seasonal (Ackerman, 1983 , but see Mateus et al., 2015 for a different perspective). Among the orchid bees, Eufriesea Cockerell is known to be seasonal, and many species are found only during the rainy season (e.g., Roubik & Hanson, 2004) . Diapause is regarded to occur in the prepupal stage, and in at least some species there is only one generation per year (Kimsey, 1982) . As an example, Eufriesea violacea (Blanchard, 1840), a common element of local faunas inhabiting Seasonal Semideciduous forests (e.g., , is only collected during late spring and summer (Peruquetti & Campos, 1997; Sofia & Suzuki, 2004; Gonçalves et al., 2014a, b; Sydney & Gonçalves, 2015) . However, such a strong pattern is not expected to occur for species of the other genera (e.g., Kimsey, 1982) .
Among all the abiotic or biotic mechanisms that underlie seasonal patterns in abundance of insects, temporal structuring of plant resources seems to be of paramount importance for orchid bees. Besides pollen and nectar to females, plants provide most of the aromatic compounds gathered by males (Dressler, 1982; Roubik & Hanson, 2004) . In Seasonal Semideciduous Forests (SSF) sensu Veloso et al. (1991) a marked temperature variation occurs along the year, especially in latitudes above 24°S (Veloso et al., 1991) , and significant seasonal patterns in plant phenology at SSF are linked to variables as mean temperature, pluviosity, and day length (Mikich & Silva, 2001; Marques et al., 2004; Marchioretto et al., 2007) .
Seasonal patterns in plant phenology may affect euglossine bees via the turnover of the aromatic substances provided by the plants (Abrahamczyk et al., 2012) . The ability of euglossine bees to explore different scents between seasons could also be understood as an adaptation of some species to inhabit strongly seasonal habitats (Abrahamczyk et al., 2012) . Euglossa mandibularis Friese, 1899 illustrates this scenario. Observations carried out in the region of Viçosa (Minas Gerais state, Brazil) by Soares et al. (1989) and Peruquetti et al. (1999) suggest this species is active only during the rainy season, when Solanum latiflorum Bohs (treated by the authors as Cyphomandra calycina Sendtn) is blooming.
Variations in population dynamics may be expected to occur in more predictable and pronounced manners in environments with a clear distinction between rainy and dry seasons, where climatic variables are regarded to be good predictors of populational patterns (see Wolda, 1988) . And, in this context, studying the dynamics of euglossine populations in Semideciduous Seasonal Forests has an increased importance.
The main goal of this paper is to investigate the seasonality of males of orchid bees in fragments of Seasonal Semideciduous Forest in southern Brazil, answering the following question: is there any seasonal pattern in the abundance of euglossine species inhabiting these fragments?
MATERIAL AND METHODS

Sampling sites
Fieldwork was carried out in four fragments of Seasonal Semideciduous Forest in the region of Palotina, western Paraná state, southern Brazil. The region was originally covered by this forest formation, characteristic of inland areas of the Brazilian Atlantic forest biome. Nowadays the original forest was almost entirely replaced by crops, just as occurred in most of southern Brazil (Gonçalves et al., 2014a) . The size of the four fragments ranges between 4.65 and 484 ha and detailed information on the location, size, sampling year, and number of scent traps (see below) employed at each site are presented in Table 1 . Sites A-C are fragments in a soybean and corn crop matrix, while site D is a fragment inside the urban area of Palotina, a small city with 31,564 inhabitants (IBGE, 2018) . Detailed information regarding sites A and B are presented in Gonçalves et al. (2014b) and Gonçalves et al. (2014a) , respectively.
Sampling protocol
Data comprise five one-year periods. Sites A and B were previously sampled (Gonçalves et al., 2014a, b) and the other two sites, C and D, were sampled for the first time. Sites A, B and C were assessed for only one year, while site D was sampled during two consecutive years (D1 and D2) ( Table 1) .
Euglossine sampling was carried out using baited traps (e.g., Campos et al., 1989) made from commercial 500 ml plastic bottles containing 1,8-cineole as attractant and filled with 70 ml of ethanol 70% (in order to prevent that specimens that had entered the trap could leave). The final design of traps follows the standard model presented by Sydney & Gonçalves (2015) . Bait traps were hung from plant branches at the edge of the fragment, about 10 m from each other and about 1.5 m above the ground. Samplings were carried out from 9 a.m. to 5 p.m. in all sites. Bees attracted to those lures were mounted in entomological pins and identified with taxonomic keys (Rebêlo & Moure, 1996; Nemésio, 2009) and/or by comparison with specimens previously deposited in the Coleção Entomológica Pe. Jesus Santiago Moure, Departamento de Zoologia, Universidade Federal do Paraná (DZUP). All the collected individuals are deposited in this scientific collection.
Statistical analysis
The seasonality of species abundance was tested with circular statistics, using the software Oriana 4.2 (trial version) (Kovach, 2011) . Circular analysis is often used to test hypothesis related to synchrony, periodicity, and seasonality (e.g., Zar, 1996) , including several biological patterns (Batschelet, 1981) . Herein, the months were treated as angles, with an interval of 30° among them, so that January began at 0° and December at 330°. At first, a mean angle corresponding to the period of greater abundance is calculated, and the intensity of the concentration of values around this mean angle (or month), represented by R, is measured, and could be assumed as a measure of the degree of seasonality. This vector varies from 0, when abundance is evenly distributed along the year, to 1, when the abundance is totally concentrated around a single period of year (see Morellato et al., 2000) . So, a Rayleigh test (Z) was applied to state if the mean angle (month) can really be considered as significant (i.e., if the greater abundance is really concentrated around them). In this latter test, the null hypothesis states that when the abundance is distributed uniformly throughout the year (the distinct angles), there is no seasonality, and if the null hypothesis is rejected, the mean angle or date is significant, and the pattern is assumed as seasonal.
In order to explore the seasonality of each species in distinct spatial and temporal contexts, the analyzes were performed considering (i) the annual variation in the abundance of each species at each fragment, (ii) the variation in the abundance of each species in two years at the site D, and (iii) the variation in the abundance of each species considering all the sampling effort (all the fragments together, comprising four years). In all cases, only the species with an abundance greater than 30 individuals were included in each analysis.
RESULTS
Newly sampled sites
A total of 77 specimens distributed among five species and three genera were sampled in Site C (Supplementary data). The most common species was Euglossa fimbriata Moure, 1968 (39 sampled specimens), followed by Eufriesea violacea (16), Euglossa cordata (Linnaeus, 1758) (14), Eulaema nigrita Lepeletier, 1841 (six), and Euglossa pleosticta Dressler, 1982 (with only two sampled individuals).
A total of 138 specimens belonging to six species and three genera were sampled in Site D (Supplementary data). The most common species in the first year (D1) was Eg. cordata (28 sampled specimens), followed by El. nigrita (20), Eg. fimbriata (17), Euglossa annectans Dressler, 1982 (two) , and Ef. violacea (with only one sampled individual). The most common species in the second year (D2) was Eg. cordata (40 sampled specimens), followed by Eg. fimbriata (17), El. nigrita (seven), Eg. pleosticta (four), and Ef. violacea (with two sampled individuals).
Seasonality in species abundance
We found evidence for seasonal patterns in the distribution of abundance of all the species in all the analyzed contexts (Table 2) . Despite these seasonal patterns, (Fig. 1: A-C) . The tests for seasonality were also significant for all the other analyzed species. For Eulaema nigrita, both analyzes also show the mean vector corresponding to a single month, November (B: 317.676°; all sites: 311.059°) (Fig. 1: H-I) . Regarding Euglossa species, the months corresponding to the mean vectors in the respective analyzes were not exactly the same. For Euglossa cordata the mean vector corresponded to January in fragment B (2.404°) and December in all the other cases (D2: 330.798°; D: 339.896°; all fragments: 347.67°) (Fig. 1: D-G) . The vectors regarding Euglossa fimbriata corresponded to an interval between January and March (A: 27.681°, January; B: 32.429°, February; C: 26.062°, January; D: 77.265°, March; all sites: 34.242°, February) (Fig. 2) . 
DISCUSSION
Local faunas
Regarding the newly sampled sites (C and D), the orchid bee richness was similar to results found in the other areas, as Gonçalves et al. (2014b) sampled seven species on Site A and Gonçalves et al. (2014a) sampled six species on Site B. According to Sydney & Gonçalves (2015) (Sydney et al., 2010) .
Regarding commonness, Eg. fimbriata was the most common species on sites C and B and Ef. violacea on Site A. Euglossa cordata was the most common species on site D1-2 and was also quite abundant on site B, but not on site A (only one specimen collected). These results show that there is no clear pattern of dominance on the local assemblages, unlike what occurs in different areas of Atlantic forest where a single or a few common species dominate the local faunas (e.g., Aguiar & Gaglianone, 2012; Oliveira et al., 2015) . Besides the alleged existence of heterogeneity among samples of euglossine bees taken from nearby sites (Armbruster, 1993) , this study was carried out towards the range limits of most species, where the populations are regarded to be highly fragmented (reviewed in Gaston, 2009 ). This could help to explain the dominance of different species in the four nearby sites.
Patterns of seasonality
Our data suggest a seasonal pattern in the variation of abundance of males of orchid bees in fragments of western Paraná, and such pattern was found in all the analyzed spatial and temporal contexts. Results also support the well-known suggestion that bee activity in tropical areas is not strictly seasonal throughout the year as in temperate regions (Sakagami et al., 1967) , and specific dynamics of species resemble very much the results found for orchid bees in a region with marked rainy and drier season Knoll, 2016) . Euglossine bees are regarded to have one of the most stable populations among insects (Roubik & Ackerman, 1987) , and when the entire data set is considered, it is relevant to point out that samplings where carried out over four years (even with an interruption between 08/2013 and 02/2014). So, it is possible to consider that a general overview of phenological patterns can be made.
In general, euglossine activity was concentrated in the hot and rainy season, as observed in other areas covered by SSF (Rebêlo & Garófalo, 1991 Suzuki, 2004; Castro et al., 2013; Knoll, 2016) , and species presented a phenological pattern similar to that of sites elsewhere in the Atlantic domain (e.g., Rocha-Filho & Garófalo, 2014) . As expected, only Ef. violacea showed a strong seasonality (defined here by R values near one), being active only between October and December. It is interesting to contextualize this seasonal pattern within the known distribution of this species, as in southeastern Brazil, populations of Ef. violacea remain active longer, for about five months (Peruquetti & Campos, 1997; Uehara-Prado & Garófalo, 2006) , while in latitudes more similar to this study (Schrottky, 1907) and even further south (Wittmann et al., 1988; Essinger, 2005) , the three months of activity remain. However, some variation on a finer scale may also be operating, as in Paraguay, for instance, Schrottky (1907) noticed activity of this species from December to March, while in southern Santa Catarina the species flies from November to January (Essinger, 2005) . In the case of the patterns found for the other three species, it is important to consider both seasonal peaks in abundance and the period of year where they remain active. The results for Eulaema nigrita can be compared more specifically with SSF areas, as this species is common in distinct sites of this formation. With respect to phenology, the pattern found is the same, as the species presents a long period of activity during the year (Rebêlo & Garófalo, 1991 Castro et al., 2013; Knoll, 2016) but with decrease in activity in the coldest/ dry period of the year (Rebêlo & Garófalo, 1997; Castro et al., 2013; Knoll, 2016) . Moreover, a significantly seasonal pattern, with the highest abundance concentrated in early-middle summer was also registered by Castro et al. (2013) and Knoll (2016) . Interestingly, however, the species remains active during the entire year in areas with seasonal climates in lower latitudes (e.g., Andrade-Silva et al., 2012 , but see Rocha-Filho & Garófalo, 2014 .
Euglossa cordata occurs during the entire year, as observed in distinct areas along its distribution (e.g., Roubik & Ackerman 1987; Aguiar & Gaglianone, 2008; RochaFilho & Garófalo, 2014) , including areas with distinct climate seasonality, as Caatinga (Andrade- Silva et al., 2012) . But a seasonal peak on abundance distribution was not stated by Castro et al. (2013) or Knoll (2016) in areas of SSF-Cerrado transition in southeastern Brazil. The pattern found here resembles the results found by RochaFilho & Garófalo (2014) in coastal areas of Atlantic forest, as the species remained active during the year but with a significant concentration in the wet season.
When comparing the results of Euglossa fimbriata with those from other areas of SSF, the pattern found in the region of Palotina is somewhat different. This species is active throughout the year without evident seasonal variations in abundance in SSF areas in southeastern (Rebêlo & Garófalo, 1997; Castro et al., 2013; Knoll, 2016) and southern Brazil , not showing the marked seasonality in abundance that we present here.
Few studies have been performed to determine if physical factors such as temperature, radiation, humidity, photoperiod, or some combination of meteorological events trigger cessation of diapause and emergence of adult tropical bees (Roubik, 1989) . Still, it is important to note that the environment influences the species phenology at the present time as well as it shapes the phenology during the evolutionary time (Visser et al., 2010) . Three main factors are expected to drive the pattern we found, (i) life cycle and nesting behavior of species (e.g., Knoll, 2016) , (ii) synchrony with resource availability (e.g., Ackerman, 1983; Roubik & Ackerman, 1987) , and (iii) seasonality in the climate (e.g., Silva & Rebêlo, 2002) . Factors operating on a local scale (Silva & Rebêlo, 2002 ) also explain some variations on seasonal patterns observed, as the variation on Ef. violacea phenology.
Information on the life cycle and nesting behavior is paramount in understanding the seasonality of bees' abundance (Roubik & Ackerman, 1987; Knoll, 2016) . Nest re-use and reactivation may permit the species to be active during most time as several generations may be produced in the same location, and questions related to finding a suitable and protected nesting site, and nesting materials are strongly diminished (Roubik & Ackerman, 1987) . Both Eulaema nigrita and Euglossa cordata are known to present this behavior (Zucchi et al., 1969; Garófalo, 1985; Pereira-Martins, 1991; Santos & Garófalo 1994; Augusto & Garófalo, 2011; Freiria et al., 2017) . Social cohesion in multifemale nests of Eg. cordata could also lead to long-lived colonies through successive reactivation processes (Augusto & Garófalo, 2011) , what could certainly increase the temporal stability of this species in highly seasonal habitats, as these colonies are able to produce males during the entire year.
But how to explain a period of activity so restrict for Euglossa fimbriata, a species that also presents nest reactivation processes, besides semi-social and eusocial organization (Augusto & Garófalo, 2009 )? Two main characteristics distinguish Eg. fimbriata from both El. nigrita and Eg. cordata in the present context. Firstly, this is the southernmost record of Eg. fimbriata and populations at range limits are subject to the inevitably rather unidirectional flow of immigrants and the steepness of any relevant environmental gradient (Gaston, 2009) . Secondly, the species is less generalist regarding scents (e.g., Nemésio, 2009) , what could make E. fimbriata more subject to temporal restriction of resources during the year. The pattern of activity of E. fimbriata may suggest this species is univoltine in the region besides undergoing diapause as prepupae. In higher latitudes, there is direct evidence for more than a single generation per year, coming from the study of nests (Augusto & Garófalo, 2009) and by the collection of the species all year long (Rebêlo & Garófalo, 1997) . This plasticity in life history may be expected, as univoltine and multivoltine species are found in the same genus, regional differences appear in single species (Roubik, 1989) and bees may diapause as prepupae in periods of unfavorable nesting and foraging conditions (Roubik & Michener, 1980) . Regarding resource availability, despite the obvious relation of females to flowers, in orchid bees this subject becomes even more important when considering that males depends on the access to aromatic compounds, mostly found in floral resources (e.g., Dressler, 1982) . So, it is expected fluctuations in species abundance to be directly associated to the resource supply that follows the phenology of plants (e.g., Rocha-Filho & Garófalo, 2014) and, in SSF areas, there is a significant seasonal pattern in plant phenology, with peak flowering during the rainy season (Mikich & Silva, 2001; Marchioretto et al., 2007) , which overlaps with the observed period of greater activity of species. Seasonality in climate and the consequent seasonality in plant phenology may also affect the dynamics of orchid bees via the turnover of the aromatic compounds provided year-round by the plants, and changes in the preferences for aromatic compounds by the species may also appear as a response to this scenario (Abrahamczyk et al., 2012) .
Regarding climate, as the egg-to-adult period is influenced by temperature (Garófalo et al., 1993) , it is expected the patterns of development to be particular in each region. The plasticity of individuals' time of development is regarded as an important response of euglossine bees to environmental fluctuation, with the production of several generations of short development in favorable contexts and delaying hatching, with increasing time as pupae, during unfavorable circumstances (Knoll, 2016) . It is even possible to expect variation in the social organization itself, as sociality is dependent on local conditions and a single species may be either social or solitary (Schürch et al., 2016) .
Climate change is expected to affect the timing of seasonal life history events of organisms (Parmesan, 2006) , with potential risks for insects directly and for plant-pollinator interactions (e.g., Forrest, 2015) . Empirical evidence exists for directional selection for earlier emergence of bees in the context of climate change, and rapid climate-driven shifts in the fitness could result in an increased risk of population extinction, particularly in scenarios where climate change occurs faster than phenological adaptation (Farzan & Yang, 2018) . The patterns we found should be considered in the context of climate changes in the region. In a comprehensive study on the behavior of climatic variables from 1973 to 2010 in the region of Palotina, a tendency of increasing amplitude and maximum temperature, besides the increased frequency of droughts and frosts, was observed (Pedron et al., 2013) . So, we can postulate an important impact of climate change in local euglossine assemblage due to the small populations and marked seasonality.
